Marine area relationships from twenty sponge phylogenies. a comparison of methods and coding strategies van Soest, R.W.M.; Hajdu, E.
INTRODUCTION
Marine sponges are organisms fixed on a firm substrate and possessing a free swimming larva capable of limited propagation (Bergquist, 1978) . Sea water temperature limits reproductive activity and growth (e.g. Vethaak et al., 1982; Wapstra and van Soest, 1987) . Sponge distributions reflect these life history traits. Barriers between areas of endemism are land masses, oceanic depths and isotherms . Still, over geological time, adaptation to almost any marine habitat has occurred resulting in cosmopolitan distributions of higher taxa. At lower taxonomic levels (genera and species groups) four clearly demarcated patterns are found: cosmopolitan warm water (tropical/subtropical); restricted Indo-Australian; Arctic-Boreal; and Antarctic-Antiboreal (van Soest, 1994) . Information on distributions of individual species is still incomplete and it is estimated that only about half the number of species are known to science (Hooper and Wiedenmayer, 1994) . Nevertheless, patterns of species distributions are emerging and they seem to conform largely to schemes formulated by Ekman (1953) and Briggs (1974) . At the present time, about 35 areas of endemism may be recognized , defined by the presence of at least several, and in many cases large numbers of, endemic sponge species. There are also many species which have wider distributions covering several of the 35 areas of endemism, for example the MediterraneanAtlantic distribution which involves the Eastern and Western Mediterranean, North-East Atlantic and West Africa. Seven of these "wide" distributions have been recognized as recurring frequently in distantly related sponge groups . It is also possible that finer patterns of endemism may need to be recognized in the future (suggested by Hooper and Lévi, 1994) , but so far evidence is lacking.
The large areas of endemism and the nature of the abiotic barriers indicate that most marine sponges have diverged in a process of slow allopatric speciation in the sense of Palumbi (1992) . Under this paradigm of geographical speciation, several attempts have been made to analyse marine sponge distributions to find out whether they can be correlated with present-day distributions of abiotic parameters and with the proposed history of the ocean basins. Methodologies for these studies varied from comparing lists of species occurring in various areas (Boury-Esnault and Lopes, 1985; van Soest, 1993; Desqueyroux-Faúndez, 1994) , numbers of species of genera occurring in various areas (van Soest, 1989 (van Soest, , 1993 , and phylogenies of sponge groups (De Weerdt, 1989; van Soest, 1993; Hooper and Lévi, 1994; Hajdu, 1995) .
The latter method, cladistic biogeography (Humphries and Parenti, 1986) , is superior over other analytical methods such as determining degrees of area similarity because it uses phylogenies as building blocks for general area cladogram construction, ensuring that historical events are not obliterated by present-day ecogeography. The attempts cited above were limited in areas (De Weerdt, 1989 : only the North Atlantic considered; Hooper and Lévi, 1994 : only the Indo-West Pacific), numbers of phylogenies (van Soest, 1993: four; Lévi, 1994: three, Hajdu, 1995: seven) , and analytical methods (De Weerdt, 1989) and van Soest (1993) : Component Compatibility (Zandee and Roos, 1987) ; Hooper and Lévi (1994) : BPA (Wiley, 1988) . Hajdu (1995) was the first among sponge biogeographers to use several alternative methods: Component Analysis (Nelson and Platnick, 1981; Page, 1990) , BPA, and Panbiogeography (Craw, 1988) . In other marine benthic groups attempts at cladistic biogeography have also been made (e.g. molluscs: Reid, 1990) . The results of these attempts give conflicting answers, probably because numbers of phylogenies were inadequate, and no results comparable to those of land organisms have so far been obtained (e.g. Crisci et al., 1991; Oosterbroek and Arntzen, 1992) . However, whereas marine cladistic biogeographical data in most groups are still scarce and apparently do not show much congruence, there are currently 20 published area cladograms of sponge groups available, together covering most of the 35 areas of endemism. Although this data set is far from perfect-the clades are of widely different sizes and may cover considerably different sets of areas of endemism-it prompted us to make the first serious attempt to find general patterns of marine area relationships. Because many of the areas of endemism considered are also recognized in other marine benthic groups, the results presented here may be of wider interest.
CLADISTIC BIOGEOGRAPHY
The aim of cladistic biogeography is here understood as the reconstruction of the history of areas of endemism (not geographical areas, although these may coincide), using phylogenies of organisms as input data (see also Morrone and Crisci, 1995: figure 5) . This history of areas of endemism takes the form of a general area cladogram and from this scenarios of diversification of individual organism groups may be derived in an objective manner.
Cladistic biogeography methods are still under development, and several competing approaches have appeared in the literature. Relatively established, rival methodologies are Component Analysis (Nelson and Platnick, 1981; Humphries and Parenti, 1986;  Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved Page, 1990) , and Brooks' Parsimony Analysis (Brooks, 1981; Wiley, 1988) , with its sibling "Component Compatibility Analysis" (Zandee and Roos, 1987) . A method recently formulated is "Three-Area Statements" Analysis (TAS) Ladiges, 1991, 1996) . Component Analysis attempts to find general patterns by seeking the congruent parts of individual taxon area cladograms; BPA and TAS use Wagner Tree parsimony (Farris, 1983) to solve conflicting area relationships. BPA converts all taxon area cladograms into a combined matrix of areas and taxa, whereas TAS converts the area relationships of all nodes occurring in the taxon area cladogram into suites of three-area relationships, which are subsequently put into a matrix of areas and "statements" (columns, each of which contains a three-area relationship).
Despite claims of proficiency by its proponents, no method has been demonstrated to have a clear advantage over the others (Morrone and Carpenter, 1994) . All three methods have pros and cons, and differ in their outcome especially when handling conflicting data, viz. "wide" distributions, "missing" areas and "redundant" distributions. Previous authors devised different solutions to deal with these problem data, all involving manipulations of the original data: deleting redundancies (Rosen, 1978) , "Assumptions 1 and 2" (Nelson and Platnick, 1981; Platnick, 1981) and "0" (Zandee and Roos, 1987) , putting question marks in the matrix (Wiley, 1988) , and deleting widespread distributions (Kluge, 1988) . There is cause for questioning the legitimacy of these manipulations in the process of general area cladogram construction, because in principle all distributions contribute to the construction.
Most cladistic biogeography methods (including Component Analysis, BPA and TAS) optimize their raw data in such a way that the resultant general area cladograms present only single relationships for the areas of endemism. This restriction is unwarranted, because earth history points rather strongly towards different area relationships in various geological periods (cf. Cracraft, 1988; Hallam, 1994) . Many (if not most) areas of endemism are "composite" (e.g. Duffels and De Boer, 1990) . If cladistic biogeography aims at constructing general area cladograms reflecting the historical relationships of areas of endemism, it should allow areas to have multiple relationships. Mickevich (1981) and Brooks (1990) suggested a solution for the presence of redundant distributions in taxon area cladograms by employing different coding for the same area in different positions in the cladogram. Thus, they potentially solved both the problem of redundant distributions and the single presence of areas in the general area cladogram. A similar solution is available for the presence of "wide" distributions in taxon area cladograms: "no assumption" recoding.
"WIDE" DISTRIBUTIONS AND "NO ASSUMPTION" RECODING
In line with Brooks ' ( ) proposal, van Soest (1996 suggested a similar solution for the coding of distributions of widespread taxa. Different groups have different methods of dispersal (range extension without crossing barriers) and are affected differently by the abiotic environment and historical changes in geography. Thus, if general area cladograms are constructed from individual cladograms of different organism groups, it is the rule rather than the exception to find smaller and larger, partially or wholly overlapping areas of endemism. If the smallest areas are used as the areas of endemism, under the prevailing methods, the (partially) overlapping larger areas automatically become "wide" distributions. This appears unfair for taxa with larger distributions, because they would not possess proper areas of endemism themselves, only "wide" distributions. If we employ the operational definition of "area of endemism" (viz. of Platnick, 1991; Harold and Mooi, 1994; , as the congruent distributional limits of two or more species, many of the "wide" distributions, such as the marine Indo-West Pacific or the Boreal-Arctic distributions, are areas of endemism, with many species of different organism groups inhabiting the same large area. Manipulating individual parts of these areas under Assumptions 0, 1 and 2 cannot be justified, despite Platnick's (1991) consideration that relationships of the smallest geographical units are the most informative about earth history. Although applying Assumption 0 would seem to be reasonable, because it represents the empirical data, it is flawed because it inherently assumes that the constituent areas share a taxon that failed to respond to a vicariant event (Nelson and Ladiges, 1991a, b; Humphries, 1992) . This is an a priori assumption because the "wide" distributions may also be the result of dispersal over existing barriers.
Van Soest (1996) and Hajdu (1995) proposed a simple solution to the problem of distributions of widespread taxa and multiple area relationships which avoids the choice of one of the assumptions (and thus was named "no assumption" recoding) by the introduction of a limited set of extra areas. If several species have a similar "wide" distribution, the combination of areas covered by these is given a name separate from its constituent smaller areas, and is treated in the analysis as a separate area. In constructing the general area cladogram, a "wide" area and its constituent areas are thus considered independently and may find their place in different parts of the cladogram. An example was constructed by van Soest (1996) in which the recoding procedure and its potential effect was demonstrated. This example is here reproduced in a simplified form in Fig. 1 : consider taxon area cladograms A-D, each containing five taxa together occurring in five areas. Two taxa, one in clade C and one in clade D, are widespread over areas A and E. General area cladogram construction under BPA Assumption 0 yields the tree of Fig. 2A ; under BPA "no assumption" coding with introduced area X ( ="wide" area A+E) it yields the trees of Fig. 2B . The trees of 2A and B differ in the position of area E, and-if it is acknowledged that area X also partly contains area E-this area occurs in two positions. Area E has historical relationships with both areas D and A/B. This recoding method may be applied in any algorithm used for general area-cladogram construction (van Soest, 1996) . There are no unwarranted synapomorphies when Assumption 0 is applied. Similarly, Assumptions 1 and 2 do not need to be applied because there are no ambiguous data caused by overlapping distributions (of course, application of Assumptions 1 and 2 might still be warranted for missing areas or redundant distributions).
If the "wide" areas and constituent areas all become sister areas in the general area cladogram this is taken as evidence of shared history of all constituent areas; if they end up as para-or polyphyletic, then individual constituent areas have had independent histories. In the marine environment, with its high frequency of widespread taxa, the recoding method may be expected to salvage area relationships that might be obscured by Assumption 0 effects. One might argue Fig. 1 ; note that area E has been "forced" into sister-group relationship with area A. B: Two general area cladograms resulting from Brooks' Parsimony Analysis under "no assumption" coding of the same imaginary organism groups, with widespread distributions over areas A+E recoded as "wide" area X; the position of X differs in two equally parsimonious alternatives; note that area E now has sister-group relationships with area D and (if it is acknowledged that X=A+E) with area A or areas A, B (simplified after van Soest, 1996) .
Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved that the same may be achieved by simply omitting distributions of widespread taxa, but that is not true: the recoded "wide" areas, by their presence and support, do have an impact on the support for various other parts of the general area cladogram and thus do influence the final outcome.
Both the currently accepted coding method and the "no assumptions" recoding procedure were applied in the present cladistic biogeography study and the effect of the recoding procedure on the results is evaluated.
MATERIALS AND METHODS

Sponge Phylogenies
Twenty cladograms (Table 1, Fig. 3 ) of sponge genera or species groups were used. Sources of these cladograms are given in Table 1 . Clades are widely different sizes and may cover considerably different sets of areas of endemism. No individual clade covers all 31 areas: the largest set is 26 (Rhabderemia).
Areas of Endemism and Coding Strategies
Areas of endemism were derived from van Soest (1994), who, after tabulating distributions of between 4000 and 5000 sponge species over the world's oceans, arrived at formalized set of 35 (non-overlapping) areas of endemism. They are given in the map of Fig. 4 , in which only those areas (31) are numbered that occur in the cladograms used below. Van Soest (1994) also reported that in a further approximately 2000 species, seven sets of overlapping areas were found to recur repeatedly. Five of these occur in the cladograms used below and are presented in Fig. 5 . Assignment of species to their area of endemism lacks a formal procedure and thus some ad hoc decisions had to be made. Small extensions over borders of areas of endemism were accepted for practical reasons.
As stated above we implemented two different codings for distributions of widespread taxa occurring in our data:
1. Assumption 0, in the way it is implemented by Wiley (1988) : species distributions occupying two or more areas of endemism (areas 1-31 in Fig. 4 ) were (35) 13+14+15+17+18+19+20 (35) 13+14+17+18+19 (35) 16+17 (35) 22+24+29 (36) 13+14+15+18+19+25+26+27 ( Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved broken down into their constituent areas and presence in each of these areas was indicated by scoring a "1" in the matrix. Of the taxa in the cladograms, 28% (64 out of 231) are widespread in one or more areas of endemism. Missing areas were coded as "?".
2. "No assumption" recoding as proposed by van Soest (1996) : species distributions occupying more than one area of endemism were assigned to separately recognized "wide" areas of endemism (areas 32-36 in Fig. 5 ). The constituent areas were scored as "0", the "wide" areas as "1" (missing areas as "?"). Table 3 lists all distributions of widespread species encountered in the 20 cladograms and their assignment to each of the five "wide" areas. This recoding has a profound effect (Tables 1, 2 ) on the number of areas (which rises to 36) occupied by the sum of all clades, on the number of areas occupied by individual clades (Table 1) , and on the number of taxa found in areas ( Table 2) .
Construction of General Area Cladograms
Cladistic biogeography was performed in the following way:
1. Replacement of species names by names of areas of endemism; taxon area cladograms are left as they have been published without further resolution (except when using COMPONENT 2.0 which has a default resolution of problem data).
2. Direct derivation of general area cladograms, using subsequently Component Analysis, BPA and TAS.
3. Recoding of distributions of widespread species into one of five recognized "wide" areas (cf . Table 3 for all recoded taxa distributions); subsequently, derivation of general area cladograms using Component Analysis, BPA and TAS.
Five computers were used, two Macintoshes with 68040 processors, a Power Macintosh 7100, and two PC/ATs (286 and 486). COMPONENT 2.0 (Page, 1993) was run on the PC/ATs (the program is not available on Macintosh). Because of structural limits in the software, the 20 cladograms had to be converted into nine (despite Page's manual's stated limit of 10) by adding cladograms into larger cladograms (all seven Chalinidae cladograms; both Mycale immitis group and M. australis group; Zyzzya c.s. and Acarnus; Pachastrella a
n d T e t h y a / D i d i s c u s a n d M y r m e k i o d e r m a ;
Ptilocaulis-Reniochalina and Clathria procera group). This was thought to have little impact on the end result as only a few very general area statements were artificially added by this manipulation. COMPONENT 2.0 has a default procedure for "resolving" problem data in the taxon-area cladograms. The program was set to seek maximally resolved trees using the NNI (Nearest Neighbour Interchange) procedure. The program has a maximum tree number buffer of 1000 trees after which trees are only added if more resolved than the least resolved tree in memory. The limitations of this protocol are severe and it is feared that "islands" containing more resolved trees may easily be overlooked. The Nelson consensus of all minimal-value trees was used as the general area cladogram. In the "no assumptions" procedure (NA) areas were coded according to Table 3. BPA under A0 and NA coding procedures was performed following Wiley (1988) . The matrices consisted of 428 columns (they are available on request from the senior author). The computer program PAUP 3.1.1 (Swofford, 1993) for Macintosh (set at 10 Mb RAM) was used to generate maximally parsimonious trees from the matrices in the "unordered characters" option, using the "Random Stepwise Addition" procedure set at 250 repetitions. The trees found in this way were subsequently swapped using TBR until all maximally parsimonious trees that could be generated from them were examined, or until the memory buffer of the computer was reached. In the NA analysis, the memory buffer limit of the Macintosh was reached before all trees were fully analysed, but sufficient trees (memory limit was reached while swapping on tree No. 114) were completely swapped through, yielding 18,000 trees. Attempts to bring down the number of trees by subsequent weighting with the rescaled CI failed, due to extreme slowness of the analysis. Of the saved trees the "50% majority rule consensus plus other combinable/compatible components" was used as the general area cladogram. In the A0 general area cladogram, three trichotomies occurred, which had to be solved randomly for the quality evaluation (cf. below).
TAS was performed across computer platforms using the program "TAS" (Nelson and Ladiges, 1992) , running on a PC and, following its manual, subsequently running the output file on a Macintosh using PAUP. The output files are matrices of areas and large numbers of columns with three-area statements (matrices are available on request from the senior author), which were treated in the same way as described above for BPA, only the number of repetitions in the "Random Stepwise Addition" procedure was set at 100 repetitions. Due to the fact that matrices of TAS were extremely large, computation times and memory buffers were stretched to the limits. In the NA analysis, the memory buffer limit of the Macintosh was reached before all trees were fully analysed, but sufficient trees (memory limit was reached while swapping on tree No. 55) were completely swapped through, yielding 10,000 trees. Attempts to bring down the number of trees by subsequent weighting with the rescaled CI failed, due to extreme slowness of the analysis. Of the saved trees the "50% majority rule consensus plus other combinable/compatible components" was used as the general area cladogram.
Evaluation of General Area Cladograms
The two coding procedures and three methods yielded six general area cladograms, which were all considerably different (cf Figs 6, 7) . Since the three methods are fundamentally different, and no clearly "best" method has emerged from previous studies (Morrone and Carpenter, 1994) , the output trees of the three methods were evaluated quantitatively. This was achieved by using the observed fit of each general area cladogram with all 20 individual taxon area cladograms as a measure of their quality. Since the methodology of constructing general area cladograms finds its basis in the paradigm of vicariance speciation (coevolution of areas and biota), the degree to which area relationships of a given general area cladogram fit the taxon cladograms may be considered a measure of its efficiency in predicting vicariance events in those taxon cladograms. The computer program TreeMap 1.0 (Page, 1994b (Page, , 1995 has an option for the measure of fit between two cladograms, viz. the number of "cospeciations". Such a cospeciation is explained as evidence of coevolution of areas of endemism and their endemic taxa. The higher the number of cospeciations of a given general area cladogram and the 20 sponge cladograms (expressed as a percentage of the number of nodes of each sponge cladogram), the better that general area cladogram predicts scenarios of vicariance for these sponge groups. The differences between the general area cladograms in the fit with the sponge cladograms were tested with the Student's t-test (Spiegel, 1990) .
TreeMap also has an option to generate random trees which may be used to compute whether an observed number of cospeciations between a general area cladogram and a taxon area cladogram is significantly higher than a random cladogram with the same number of branches. TreeMap was used to compute numbers of cospeciations for each of the six general area cladograms with each of all sponge cladograms. It was also used to compute numbers of cospeciations shared between each of 1000 random cladograms with the same number of branches as the general area cladograms and each of the 20 sponge cladograms, to check whether the general area cladograms performed significantly better than random trees. Finally, TreeMap was used to compute numbers of cospeciations which 1000 random cladograms with the same number of branches as each of 20 sponge cladograms shared with each of the six general area cladograms, to check 
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Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved whether the fit between taxon area cladograms and the general area cladograms was significantly better than pure random match. The use of TreeMap was justified despite the fact that its algorithm is similar to the COMPONENT 2.0 algorithm, because only the numbers of cospeciations were used, not the other output items computed by TreeMap. The number of cospeciations is an objective measure of fit, not favouring COMPONENT 2.0 derived general area cladograms over those derived by BPA or TAS. In order to compare the output trees a single evaluation method is necessary and TreeMap is the only available method to date.
Seven of the taxon cladograms (Acervochalina, Haliclona aquaeductus group, Haliclona angulosa group, Haliclona arenata group, Rhabderemia, Ianthella, and Areas 32-36 were only used in the NA procedure. A0=Assumption 0 coding procedure, NA ="no assumption" coding. 4+14+15+16+18+19  4+17  4+18+30  13+14+15+16+17+18  13+14+15+16+18  13+14+15+17+18+19+20  13+14+15+18+19+25+26+27  13+14+17+18+19  14+15  14+15+16  14+15+16+17+19  14+15+16+17+18+19+20  14+15+16+18+19  14+16+20+21  15+16  15+16+17+18+19  16+17  16+17+19  16+18+19  16+19  16+30  18+19+20  19+30 36 22+24+29 25+26+27
All widespread distributions encountered in the sponge cladograms are listed in the right-hand column and the "wide" areas of endemism to which they are assigned are listed in the left-hand column . Area nu mbers refer to th e areas listed in Table 2 . A0=assumption 0 coding procedure, NA ="no assumption" coding. 
RESULTS
General Area Cladograms Generated Under A0 Coding
The COMPONENT 2.0 general area cladogram ( 2. three areas in the southern half of South America; 3. 11 areas spread over the northern hemisphere; the positions of the areas 4, 9, 3, 13, 12 and 7 are added stepwise to a cluster of five North Atlantic areas.
The general area cladogram has a fit with the sponge cladograms of 12.5-66%, average 29.9%. It performs significantly (P<0.005) better than 1000 random trees with the same number of branches in 15 of the 20 cospeciation comparisons (Table 4) . This is the highest fit of all general area cladograms. However, the reverse test is less successful: of the 20 sponge cladograms, only two (Acervochalina and Mycale australis group) had a significantly higher number of cospeciations than 1000 random cladograms with equal numbers of branches (Table 4) . The BPA general area cladogram (Fig. 6B) The general area cladogram has a fit with the sponge cladograms of 12.5-55%, average 31.25%. It performs significantly (P<0.005) better than 1000 random trees with the same number of branches in 14 of the 20 cospeciation comparisons (Table 4 ). The reverse test showed that of 20 sponge cladograms, only two (Acervochalina and Mycale australis group) had a significantly higher number of cospeciations than 1000 random cladograms with equal numbers of branches (Table 4) . The TAS general area cladogram ( 1. three arctic areas; 2. seven disparate areas; 3. 10 areas likewise disparate; 4. five Southern Ocean areas, but also added to this a single area, 5 (NE Atlantic); 5. two southern South America areas.
The general area cladogram has a fit with the sponge cladograms of 0-55%, average 23.8%. It performs significantly (P<0.005) better than 1000 random trees with the same number of branches in eight of the 20 cospeciation comparisons (Table 4 ). The reverse test showed that of 20 sponge cladograms, three (Didiscus, Myrmekioderma and Mycale australis group) had a significantly higher number of cospeciations than 1000 random cladograms with equal numbers of branches (Table 4 ). The differences between the three general area cladograms in the fit with the sponge cladograms were tested with Student's t-test and found to be significant between the COMPONENT and TAS results (t=3.46 at 19 df), and between BPA and TAS (t =3.24), but not between COMPONENT and BPA (t =1.39). Most of the cospeciation percentages, however, were not significant in the random taxon area cladogram test ( 
FIG. 7.
General area cladograms generated under "no assumption" coding procedure (NA). A=Nelson consensus tree output of COMPONENT 2.0, B ="50% majority rule consensus plus other combinable/compatible components" output of Brooks' Parsimony Analysis (BPA), C=do. of Three-Area Statement Analysis (TAS).
General Area Cladograms Generated Under NA Coding
The COMPONENT 2.0 general area cladogram (Fig. 7A) (minimal value 867, Nelson consensus of 1000 trees containing 63 clusters) shows 12 single areas added stepwise to various parts of the tree, and five clusters:
1. 12 presumably Tethyan areas, including the "w i d e " a r e as 35 (I n d o -W e st P a c i f i c ) an d 3 3 (Mediterranean-Atlantic); also included however, are areas 1 (Arctic) and 36 (Antarctic-Antiboreal); 2. three areas forming a trans-Pacific tract; 4 (Japan), 31 (Boreal Pacific) and 24 (New Zealand); 3. two Boreal-Atlantic areas; 4. five disparate areas; 5. two Eastern Australian areas.
The general area cladogram has a fit with the sponge cladograms of 20-77%, average 45.2%, which is the highest score of all general area cladograms. It performs significantly (P<0.005) better than 1000 random trees with the same number of branches in 11 of the 20 cospeciation comparisons (Table 4 ). The reverse test showed that of 20 sponge cla dograms, six (Acervochalina, Haliclona angulosa group, Haliclona rosea First it was determined whether the general area cladograms had phylogenetic significance by comparing the number of cospeciations (column 1) shared with the 20 sponge cladograms and those of 1000 random trees with the same number of branches as the general area cladograms. Data are considered significant (*) if the number of cospeciations is less than that of 50 out of 1000 random trees with the same number of branches as the various sponge cladograms. Secondly, it was attempted to determine which of the general area, cladograms may be considered the best by measuring fit with the 20 sponge cladograms deduced from the number of cospeciation events expressed as a percentage of the total number of nodes of the sponge cladograms (column 2). If all nodes coincide with nodes in the general area, cladogram cospeciation is 100%, if no nodes coincide, cospeciation is 0%. Significance (*) determined as above.
Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved group, Mycale immitis group, Mycale australis group, and Pachastrella) had a significantly higher number of cospeciations than 1000 random cladograms with equal numbers of branches (Table 4) .
The BPA general area cladogram (Fig. 7B) (length 572 steps, CI 0.748, RI 0.648, "50% majority rule consensus plus other combinable/compatible components" of 18,000 trees which do not represent the complete set due to memory limits) shows three single areas; 12 (West Africa), 7 (Eastern Mediterranean) and 30 (New Caledonia), and six clusters:
1. five Arctic-North Atlantic-Mediterranean areas, including "wide" area 33 (Mediterranean-Atlantic);
2. 12 Indo-West Pacific areas, and in addition a single area 22 (SW Atlantic), including "wide" area 35 (Indo-West Pacific); 3. four South American areas, and in addition area 27 (Maugean); 4. two boreal areas, and in addition the "wide" area 34 (Central West Atlantic); 5. two South Australian areas, and in addition area 9 (East Pacific); 6. three Southern Ocean areas (including "wide" area 36, Antiboreal-Antarctic), and in addition area 31 (Boreal Pacific).
The general area cladogram has a fit with the sponge cladograms of 16-60%, average 43.12%. It performs significantly (P<0.05) better than 1000 random trees with the same number of branches in five of the 20 cospeciation comparisons (Table 4 ). The reverse test showed that of 20 sponge cladograms, four (Haliclona angulosa group, Mycale australis group, Pachastrella and Ianthella) had a significantly higher number of cospeciations than 1000 random cladograms with equal numbers of branches (Table 4) .
The TAS general area cladogram (Fig. 7C ) (length 8217 steps, CI 0.734, RI 0.637, "50% majority rule consensus plus other combinable/compatible components" of 10,000 trees which do not represent the complete set due to memory limits) shows five single areas added stepwise to various parts of the tree and five clusters:
1. six disparate areas, including "wide" area 34 (Central West Atlantic); 2. 14 predominantly Tethyan areas, but including areas 22 (SW Atlantic), 25 (SW Australia), 8 (California), and 31 (Boreal Pacific); 3. five areas in the SE Pacific and the Southern Ocean, and in addition area 5 (NE Atlantic); 4. two boreal areas; 5. three southern South American areas.
The general area cladogram has a fit with the sponge cladograms of 20-75%, average 40.45%. It performs significantly (P<0.05) better than 1000 random trees with the same number of branches in seven of the 20 cospeciation comparisons (Table 4 ). The reverse test showed that of 20 sponge cladograms, four (Acervochalina, Haliclona angulosa group, Haliclona rosea group and Myrmekioderma) had a significantly higher number of cospeciations than 1000 random cladograms with equal numbers of branches (Table 4 ). The differences between the three general area cladograms regarding the fit with the sponge cladograms were tested with Student's t-test and found to be not significant (t of COMPONENT/TAS = 1.19, of BPA/ TAS=0.91, of COMPONENT/BPA=0.73). Just as with A0, most of the cospeciations were not significant in the random taxon area cladogram test, although they were higher than in A0. If fit is decisive then the general area cladograms may be valued as COMPONENT= BPA = TAS.
Differences Between A0 and NA Results
Cospeciations with the 20 sponge cladograms expressed as percentages of the number of nodes of these cladograms (Table 4) were consistently higher in NA than in A0, with two exceptions: Tethya under BPA, and Pachastrella under TAS. Differences were significant under all three methods: Student's t for COMPONENT's A0/NA=5.64 (P<0.005), BPA's A0/ NA=3.63 (P<0.01), and TAS's A0/NA=4.6 (P<0.005). In contrast, however, in NA comparisons fewer of the observed cospeciations between general area cladograms and the various taxon cla do grams were significantly higher than 1000 random cladograms Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved with equal numbers of branches than those observed in A0 comparisons (Table 4) .
In order to detect whether differences in the general area cladograms would decrease by adopting the NA coding, all three general area cladograms of both A0 and NA were mapped on each other and their resemblance determined, expressed as the number of "cospeciations" (Table 5 ). The results show that the resemblance of trees in NA is on average higher than in A0. However, the differences were not significant (t= 1.28 with 5 df), so it cannot be concluded that NA coding converges the differences between the three methods by removing conflict.
Regarding the effects on the positions of "wide" areas and their constituent areas in the two coding procedures, the following discrepancies may be noted:
COMPONENT: Area 35 (Indo-West Pacific) has sister-group relationships with the Caribbean, while its constituent areas are sister to South Australia. Area 36 (Antarctic-Antiboreal) is related to presumed Tethyan areas, while its constituent areas show disparate groupings in both general area cladograms. Area 33 (Mediterranean-Atlantic) is related to its constituent areas. Areas 32 (Arctic-Boreal) and 34 (Central West Atlantic) are in single positions far removed from their constituent areas.
BPA: Areas 32 (Arctic-Boreal) and 34 (Central West Atlantic) have sister-group relationships away from their constituent areas which remain in the same positions as occupied in the A0 general area cladogram. The other "wide" areas occupy positions alongside their constituent areas. TAS: Area 33 (Mediterranean-Atlantic) has sister-group relationships with Indo-West Pacific areas, while its constituent areas continue to maintain their different positions in groups of subtropical-temperate areas also occupied in the A0 general area cladogram. Area 34 (Central West Atlantic) has sister-group relationships with northern hemisphere areas, while its constituent areas have disparate relationships with Indo-West Pacific areas (area 10, Caribbean) and southern South American areas (area 11, Brazil). Coldwater area 32 (Arctic-Boreal) has a single position, whereas 36 (Antarctic-Antiboreal) occupies a position alongside its constituent areas.
Conclusions
Coded in one currently prevailing way (A0), the cons t r uc t i o n o f g en er a l a r ea c l a d o g ra m s un d er COMPONENT and BPA yielded considerably different results of statistically equal quality; under TAS, results are again different and slightly inferior to those of the first two methods. Fit between general area cladograms and sponge cladograms ranges between 25 and 30% of the number of nodes of the sponge cladograms. When distributions of widespread species are recoded according to the "no assumption" procedure (NA), the three general area cladograms are again substantially different, and the quality of all three is statistically equal. Recoding yields a significantly higher fit between general area cladograms and taxon area cladograms, reaching averages of 40-45%. Recoding also tends to diminish differences between the Read horizontally, the figures refer to the general area cladograms as "host" cladograms on which the other general area cladograms are mapped as "parasites". Read vertically, the figures refer to the general area cladograms as "parasite" cladograms which are mapped on the other "host" cladograms.
Copyright © 1997 by The Willi Hennig Society All rights of reproduction in any form reserved three analytical methods, but this is not statistically significant. Recoding frequently results in a different position of the "wide" areas away from their constituent areas, but in several cases they ended up in the same clade.
In view of the substantial differences between the trees and the equally low fit with the cladograms from which they were built, no single general area cladogram may be objectively indicated as a representation of area relationships. Intersection (using COMPONENT 2.0) of the three general area cladograms of both A0 and NA yielded hundreds of possible trees and (Adam's) consensus showed very few area relationships common to all three.
DISCUSSION
Quality of the Input Cladograms
Cladograms used for input were incorporated indiscriminately because of the limited number available in the current literature. However, not all of the 20 cladograms represented certified monophyletic groups. Tethya species were only taken from South-East Pacific areas, whereas the genus has a worldwide distribution. The species groups of North Atlantic Chalinidae almost certainly have sister species in the North Pacific, which were not included; clades of Chalinidae in other parts of the world oceans were likewise not included. Northern and especially southern cold water areas were underrepresented in the 20 sponge cladograms. These may have contributed to cause the large numbers of different area relationships in the 20 clades, and consequently in the general area cladograms. Measures of fit used to evaluate quality of general area cladograms are also influenced by the quality (extent of monophyly and completeness) of the various cladograms. Page's (1995) TreeMap 1.0 software is here used to evaluate the fit of alternative general area cladograms, whereas Mo rro ne and Carpenter (1994) us ed COMPONENT 2.0's option for tree mapping to evaluate their general area cladograms, using the output data dubbed "items of error" for the comparison. TreeMap has a similar function and comparable output, but in addition to delivering "items of error" it also allows computation of possible "host switching" (analogous to dispersal in biogeography). This option could be used to deduce a likely scenario of coevolution, dispersal and extinction of a given organism group from a comparison of a general area cladogram and its taxon area cladogram.
Developing Scenarios From Mapping Cladograms on General Area Cladograms
Programs and Hardware Limitations
Working with a modest number of 20 cladograms, computing time and internal memory necessary for executing BPA and especially TAS exceeds that of the current generation of PCs. It is clear that real-world general area cladogram building is hampered by these limitations. For a proper and exhaustive data treatment the algorithms need to be implemented on new generation computers with faster and more powerful microprocessors. COMPONENT 2.0 has an inbuilt memory buffer of 1000 trees which prevents an exhaustive search, and it is suspected that the tree morphology with a high number of areas added stepwise to the tree reflects this non-exhaustive search. BPA and TAS have probably better prospects as methods for general area cladogram building because they can make use of the powerful options of PAUP and Hennig86 to reduce the number of maximally parsimonious trees by adopting additional criteria, e.g. (subsequent) weighting of characters, Dollo parsimony, and filtering for maximally resolved trees.
Coding Procedures and Problem Data
Distributions of widespread taxa were treated here in two different ways: firstly by implementing Assumption 0 (Zandee and Roos, 1987) , which implies accepting "wide" distributions as empirical evidence for sister-group relationships of their constituent areas. It would have been useful also to implement Assumption 2 (Nelson and Platnick, 1981) , but as implemented by COMPONENT 2.0 this involves subsequent deletion of all but one of the constituent areas of a "wide" distribution of a given taxon in a given cladogram. With the large numbers of "wide" distributions this would have led to the necessity of introducing an unmanageable number of alternative cladograms, each to be drawn in the analysis with every other alternative cladogram. Likewise, TAS cannot at present deal with Assumption 2 other than by manual analysis, so it is not possible to predict here whether Assumption 2 would have performed better (Humphries, 1992) .
The second coding procedure, here dubbed "no assumption" (Hajdu, 1995; van Soest, 1996) accepts taxon distributions as empirical and handles them accordingly by assigning them to separate "wide" areas of endemism, thus foregoing the need to implement Assumptions 0, 1 or 2. The NA recoding procedure gives full credit to the original "raw" data and avoids the need to divide "wide" distributions into smaller constituent areas (Assumptions 0, 1 and 2). Since about 28% of the taxa used in this study are widespread, it is no surprise that A0 coding and NA coding yielded considerably different results. NA coding shows a better fit with the original data, probably because of the multiple positions of geographical locations in the same general area cladogram.
Brooks ' (1990) proposal for handling redundant distributions by coding them differently ("Caribbean 1", "Caribbean 2", etc. for each different sister-group relationship between the Caribbean and other areas found in the taxon area cladograms) is theoretically applicable, but faces practical difficulties, as the number of areas may rise dramatically. For example, in the 20 cladograms used in this study, area 6 (Western Mediterranean) occurred redundantly in seven of the 12 cladograms in which it was represented, and demonstrated 11 different sister-group relationships. Brooks' method should likewise formulate suggestions limiting the number of possible alternative areas. Both for Brooks' redundant "alternative" areas, as well as for the constituent and "wide" areas of endemism, the vexing practical problem remains of determining the precise extent of areas of endemism. A formal procedure for such recognition is still wanting, despite proposals and discussions by Morrone (1994) and Harold and Mooi (1994) .
Measurements of fit in the quality comparisons may have underestimated those of the NA coded cladograms because implicitly, many of the "wide" areas contain constituent areas that would show fit with a compared cladogram if their presence were made visible. A formal procedure for salvaging such information would be a useful addition to the NA coding practice.
Other Marine Groups
In this study only sponge cladograms were used, but theoretically at least, coevolution of areas and organis m s ex t en d s t o m a n y o t h er b en th i c m ar in e invertebrates and even fish. Future studies could include cladograms of many different groups, such as corals (Wallace et al., 1991; Pandolfi, 1992) , molluscs (e.g. Reid, 1990) , worms (e.g. Fitzhugh et al., 1994) , fishes (e.g. Bellwood, 1994) and algae (e.g. Lüning and Tom Dieck, 1990; Cheshire, 1995) . However, care should be exercised when including groups with very different dispersal capabilities.
